Abstract Adoptive therapy with regulatory T cells (Tregs) has shown great promises in many experimental models to induce permanent graft acceptance and tolerance to alloantigens. However, although their tolerogenic therapeutic potential has been demonstrated in clinical hematopoietic stem cell transplantation and partially in patients with early onset type I diabetes, translation into clinical testing for solid organ transplantation is still lacking or only slowly starting. This is in part due to the fact that many questions regarding not only the optimal type of Tregs but also the best-suited clinical trial design are unsolved and highly debated within the scientific community. With facilities for purifying and expanding Tregs and the clinical trials being very expensive, these points should be carefully discussed. Here, we summarized recent results regarding adoptive Treg therapy in solid organ transplantation additionally addressing the above-mentioned questions.
Introduction
Since the first discovery by Gershon and Kondo [1] , the importance of regulatory T cells (Tregs) for installing and controlling immune homeostasis has become widely accepted [2] [3] [4] . With only 5-10 % of circulating CD4 + T cells being Tregs, they represent only a small fraction of our immune cells. Nevertheless, they are instrumental in controlling self and oral tolerance, and thus preventing occurrence of autoimmune diseases and undesired immune reactions against harmless antigens in the majority of people [4] [5] [6] [7] [8] . They have shown therapeutic effects in treating autoimmune disease such as type 1 diabetes (T1D) [9, 10•, 11••, 12] , GvHD after hematopoietic stem cell transplantation (HSC) [8, 13•, 14••, 15] and also preventing rejection of solid organ transplants [3, 7, 16] . In some studies, higher proportions of Tregs or certain subsets were detected in the peripheral blood of Boperationally tolerant^patients [17, 18] with their frequencies or numbers being reduced in some patients experiencing rejection [18, 19] . In addition, Tregs can impose regulatory function onto conventional alloreactive T cells in a process now being known as infectious tolerance [16, 20] . These properties make Tregs an attractive therapeutic alternative to conventional lifelong immunosuppressive drugs. The hope is to utilize the immunoprotective function of Tregs to prolong graft survival or induce tolerance while preserving the general immunocompetence of the patient. In this review, we outline the current status in research developing applicable strategies for adoptive therapy with Tregs in solid organ transplantation.
induced IL-10 producing type 1 regulatory T cells (Tr1) [ 22 -24 ] . T hy m u s -d e r i v e d Tr e gs a r e de f i n ed a s CD4 +   CD25   high   CD127 low cells with stable high Foxp3 expression [25, 26] . Utilizing tTregs as a bulk population based on their high expression of CD25 and low expression of CD127 offers the advantage of isolation and application without the need of donor material. As such, these cells were already applied in T1D patients [9, 10•, 11 ••] as well as prophylaxis and treatment of GvHD in the setting of HSC transplantation [14••, 15, 27••, 28] . On the contrary, Tr1 cells in the thymus are equivalent to naive T cells and initially get transformed into regulatory cells in the presence of interleukin 10 (IL-10) in the periphery [29, 30] . Tr1 cells mediate locally suppression by generating IL-10 themselves [31] . However, Tr1 do not e x p r e s s F o x p 3 w h y t h e y a r e d e s c r i b e d a s CD4
− cells [31] . Tr1 cells were first applied in studies of GvHD and showed promising results [13•] . It is difficult to purify these cells from peripheral blood, which is why naive recipient T cells are taken and incubated with donor antigen-presenting cells (APCs) in the presence of IL-10 to generate them [32] . Therefore, generation of Tr1 cells is dependent on donor cells making clinical translation more challenging [30] . The recent identification of Tr1 specific surface markers LAG-3 and CD49b can help to improve purity of generated Tr1 cells, as now isolation/enrichment using beads or flow sorting is possible [31] . However, in many studies, tTregs are preferentially used because of established isolation protocols and intracellular Foxp3 expression or Foxp3 locus demethylation being widely accepted quality control markers [7, 33-36, 37•] . Additionally, they take part in the in vivo induction of Tr1 cells [17, 23] . Nevertheless, both cell types were effective in vivo in mice [18] and are attractive candidates for future studies.
Isolation and Expansion of Tregs for Adoptive Therapy
There is no specific single marker for identifying and isolating tTregs. That is why a combination of many different markers has to be used (CD4, CD25, CD127, ±RA) to enrich tTregs with a high purity [11••, 26, 38] . So far, only with flow cytometry-based enrichment multiple phenotypic characteristics can be considered. Thereby, a purity of over 90 % CD4 + CD25 high CD127 low Foxp3 + cells is achievable [11••, 20, 39, 40] . However, flow cytometry-based enrichment is only possible or allowed in certain labs and countries so far. That is why most laboratories are applying the CliniMACSSystem (Miltenyi) instead. However, so far only enrichment for parallel expression of CD4 and CD25 is possible. As there is a large overlap between Tregs and CD25 dim effector T cells in humans, only 60-80 % of the CD4 and CD25 positive cells express Foxp3 and show demethylation of the Treg-specific demethylation region (TSDR) within the Foxp3 locus [36, 37•, 41, 42] [30] . So each procedure is potentially applicable.
As explained later in some circumstances to gain sufficiently high cell numbers expansion of Tregs is required. The ex vivo expansion of CD4 + CD25
+ tTregs is well established [43] . Interestingly, it has been noticed that fresh isolated Tregs were less effective in preventing GvHD than in vitroexpanded cells [8] . The cells can either be stimulated with antigen or unspecifically with anti-CD3/CD28 beads [36, 37•, 40, 42, 44, 45] . Usually interleukin 2 (IL-2) is added to stimulate Treg expansion. The issue on advantages or disadvantages of selecting and expanding antigen-reactive Tregs will be discussed in the following text in greater detail.
Also, for tTregs, it is possible to distinguish between naïve (CD45RA + ) and memory cells (CD45RA − ) [38, 46] . Several studies have revealed that naïve tTregs are the more stable and especially suppressive cells [46] [47] [48] . In contrast, memory tTregs show a higher potential of transforming into IL-17 producing inflammatory cells. With the frequencies and numbers of CD45RA + naïve tTregs decreasing with age, it might be impossible in some patients to use them as starting population (Lei et al. American Journal of Transplantation, in press). Therefore, alternative strategies for preventing phenotypic alterations and outgrowth of inflammatory T cells had to be defined. Interestingly, with addition of rapamycin to tTreg cultures, this can be easily achieved [48, 49] . It selectively enforces proliferation of CD4 + CD25 high
Foxp3
+ cells, and prevents IL-17 production and outgrowth of contaminating effector T cells. Additionally, tTregs cultured in the presence of rapamycin show increased suppressive function [48] . In all expansion protocols, a frequent stimulation was associated with loss of suppressive function and increased cell death [44] .
Polyclonal vs. Alloantigen-Reactive Tregs
Anti-CD3/CD28 bead-stimulated polyclonal tTregs have broad antigen reactivity, and potentially, a state of general suppression could be acquired [40] . If that would be the case, polyclonal Tregs would cause similar side effects in vivo as conventional IS. Indeed, although the first study on polyclonal Treg therapy in conjunction with umbilical cord blood transplantation (UCB) reported no deleterious effects on risks of infections in comparison to historical controls [14••] , later analysis revealed a higher risk of opportunistic infections within the first 30 days following UCB infusion [50•] . However, this was only the case for the first 30 days, the time period in which the infused Tregs were still present and these early events had no impact on long-term outcome. In addition, conditioning in conjunction with HSC transplantation is creating a post-transplant nadir phase, in which the patients are highly vulnerable for opportunistic infections. It is still unanswered and need to be investigated whether adoptive transfer of polyclonal tTregs in solid organ transplantation will increase the risk of infectious complications. Another issue is their disposition to lose their suppressive function and subsequently develop into proinflammatory cells especially when restimulated too often [51] .
In contrast, alloantigen-reactive Tregs stimulated and expanded by e.g., use of donor, APCs would selectively react to donor antigen, and thus not induce a state of general immunosuppression [51] . In addition, upon antigen-specific stimulation, reactive tTregs can be discriminated from reactive effector T cells by a selective expression pattern of certain activation markers [20, 41, 52•, 53, 54] .
The group of Andreas Thiel has identified a selective expression of CD137 (4-1BB) on antigen-reactive Tregs shortly upon antigen restimulation, whereas antigen-reactive conventional helper T cells were characterized by CD154 (CD40L) expression [52•] .
Sagoo and colleagues screened tTregs for the expression of activation markers upon stimulated with allogeneic PBMCs or dermal dendritic cells [54] . Expression of CD69 and CD71 peaked between day 3 and 5 in alloantigen-reactive tTregs. In addition, CD69 + CD71
+ tTregs more potently inhibited donor but not third party effector responses.
Also, other groups did show a higher and also more specific suppressive capacity of antigen-reactive vs. polyclonal tTregs [51, 54] . They can cause an inhibition of effector responses at ratios of up to 1:2000 Tregs to Teff [51] . This indicates again that antigen-reactive Tregs could have fewer side effects. In addition, no loss of Foxp3 expression was detected during expansion or after extensive stimulation [37•, 51] . In fact, the expansion rate was even higher using an antigen-stimulation-based approach [37•, 55] . The best results were reached using B cells as antigen-presenting cells [37•, 45] . In animal studies alloantigen-reactive Tregs appeared to be significantly more suppressive than polyclonal cells [20, 45, 55, 56] . They are 5 to 25 times more potent than polyclonal Tregs and suppress 9 to 27 times more effective when stimulated with their cognate antigen as compared to other stimuli [45] . In addition, it was shown that only antigen-reactive Tregs are able to efficiently inhibit IFN-y production by memory T cells [55] .
Therefore, it is believed that with antigen-reactive Tregs, one can decrease the total cells needed about 10 times [37•, 55-57] . This makes them even more attractive. Nevertheless, the stimulation with alloantigen might not always be possible. Since in case of deceased donation, the donor is not known before transplantation and some time is needed for isolation and expansion, adoptive transfer of polyclonal Tregs might be the better option. In addition, recognition of donor alloantigen occurs at least by direct and indirect presentation. Direct alloantigen presentation is easy to achieve, whereas reproducible indirect presentation is difficult to achieve.
Number of Tregs Needed
Tregs represent less than 10 % of CD4 + T cells, which therefore make up about 13×10 9 cells in the whole body [56] . A ratio of Tregs to effector T cells of 1:3 showed a positive outcome in biopsies of rats [57] . Lower ratios were more connected to rejection. Other studies revealed that ratios of 1:2 up to 1:1 are necessary to inhibit rejection [30, 56, 58] .
To reach a sufficient cell number in a non-immunecompromised patient with a body weight of 70 kg, a dose of 5-8×10 10 Tregs is needed [56, 59] . By leukophoresis, a maximum of 8×10 9 lymphocytes with a fraction of 2×10 8 Tregs can be isolated [30, 56] . Thus, the required cell number cannot be reached without stimulation and expansion for several rounds [60] . Taylor et al. even showed that expanded cells were more effective than freshly isolated [8] . Expanded Tregs suppressed effector response by 50 % at a ratio of 1:243 in contrast to freshly isolated Tregs at a ratio of 1:1 [51] .
From the few performed clinical trials in HSC transplantation and diabetes, it is difficult to estimate how many Tregs are really needed to inhibit GVHD and induce long-term remission but are also safe. In the first clinical trial in stem cell transplantation, a dose escalation was performed starting from 0.1 up to 30×10 It is postulated that using antigen-reactive Tregs, e.g., donor-reactive Tregs, with direct specificity in case of allogeneic transplantation, the required cell dose can be reduced at least up to 10 times [61] . However, large clinical trials in solid organ transplantation testing polyclonal vs. antigen-reactive Tregs in conjunction with Treg favoring, IS such as rapamycin or reduced CNI dosage are needed to clarify this issue.
Assessment of Their Functional Capacity and Stability
It is crucial to perform quality measurements on the isolated and expanded Tregs prior to in vivo transfer. The biggest fears are (1) + T cells with a TSDR demethylation is significantly higher in tolerant patients compared to controls [17] . Foxp3 is known to inhibit RORyt, the master switch transcription factor of IL-17 producing Th17 cells [40] . A loss of TSDR demethylation is associated with increased IL-17 production [33, 40] . According to this, a high stable Foxp3 expression in vitro could suggest a small risk for an IL-17 production in vivo under inflammatory conditions. Collectively, those data point to the assessment of TSDR demethylation as being an important quality control. However, current methods applied to assess TSDR demethylation take more than a day hampering its use as a release criterion.
In addition to assessing the stability of infused Tregs validation of their suppressive function is important. This is often done analyzing their capacity to inhibit proliferation or cytokine production of co-cultured conventional T cells. Typically, CSFE-labeled effector T cells are incubated at various ratios with Tregs and one without [27••, 48] . Although widely used, the relevance is highly questioned within the community. It is known that activated conventional T cells are also able to suppress proliferation of co-cultured naïve T cells. Performing this test under inflammatory conditions, which is more physiological, might generate more convincing results. With lack of alternative assays, testing the potential of Tregs to inhibit proliferation is widely performed. An attractive addition to proliferation-based functional assays would be the analysis to inhibit expression of activation markers on co-cultured conventional T cells. Here again, the expression analysis of CD154 seems to be a good candidate [62] .
Clinical Indications for Adoptive Treg Therapy
From studies in animal models, we know that the best effect is observed when Tregs are given in a prophylactic manner prior to or at the time of transplantation [5, 7, 57, 63] . Here, the aim is to prevent acute rejection of allogeneic transplants and to induce tolerance very often without concomitant use of other immunomodulatory agents. In the clinical situation, this early transfer of Tregs is hard to achieve especially in the case of deceased donation. Also, the intensive IS regimen, ethically so far unavoidable, early after transplantation might interfere with the regulatory function of the transferred Tregs. However, in more advanced experimental animal models, mimicking clinical challenges also delayed application of regulatory cells to revert developing signs of chronic rejection was successful [64] .
In the next paragraphs, we will therefore discuss the options we have to utilize he immunoregulatory potential of Tregs in clinical trials.
Boosting Operational Tolerance for Drug Minimization or Withdrawal
Ideally adoptive transfer of Tregs would result in induction of long-term graft acceptance or tolerance, and thus one could avoid permanent use of IS with all the known side effects. Thus, similar to studies performed in animal models, Tregs would be transferred at the time or early after transplantation to efficiently prevent differentiation of alloreactive pathogenic conventional T cells and B cells. This, however, might be a challenging task and require large numbers of Tregs to be infused in a tolerance permissive IS environment, which as mentioned above from an ethical standpoint not feasible at least within the first clinical trials. In addition, it would require tools or biomarkers by which we can identify the successfully treated and thus tolerant patients. Although gene markers or immune cell subpopulations being more abundant in Boperationally^tolerant patients have been identified [17, 65, 66] , they were never validated in prospective trials, a prerequisite before using them as endpoints in Treg trials.
In the clinical trials on an early adoptive therapy of Tregs in conjunction with HSC immunosuppression could be successfully tapered in patients not experiencing GVHD with the overall incidences of GVHD being lower as compared to historical controls [14••, 27 ••]. Thus, Treg therapy seemed to favor tolerance induction. Whether this is also possible in unconditioned patients, receiving Bjust^a solid organ graft remains to be investigated.
First dose escalation trials have to be run to prove safety of Treg application in solid organ transplantation. Thus, it will take a few more years before efficacy results on the tolerance promoting capacity of polyclonal or antigen-reactive Tregs will become publically available. BThe ONE Study^is a consortium evaluating the safety of Treg transfer shortly after transplantation in living kidney donation [67] . Within that project safety of various regulatory cell populations will be tested and also their impact on abundance of tolerance biomarkers will be tested [68] . In future studies, efficacy of Treg therapy can be assessed. However, currently there is a big discussion within the scientific community whether one should really aim for complete withdrawal of IS by tolerance promoting Tregs therapy or whether drug minimization to very low dose monotherapy would be safer in the long term [67] . It would be already a success to achieve at a relatively early time point a low dose CNI monotherapy, thereby minimizing the side effects but avoiding unnoticed inflammatory processes due to e.g., bystander activation of cross-reactive T cells. Regardless whether aiming for complete or partial IS withdrawal, one should carefully consider the variable effect of concomitantly applied drugs on Treg in vivo survival, expansion, and function. From studies in animal models, we know that a high dose of CNIs hampers Treg proliferation, whereas rapamycin seems to selectively promote Treg expansion [49] . At a low dose, CNIs can be combined with a Treg therapy [64, 69] . As rapamycin cannot be given to every patient especially early post transplant, a possible combination with low dose CNIs sounds appealing. In addition it is highly debated whether Tregs can or should be given in conjunction with an induction agent such as ATG. Depletion-induced lymphopenia might give the transferred Tregs an advantage or even induce their maturation and expansion [70, 71] . However, it might also lead to expansion of depletion-refractory preexisting memory T cells, which are more difficult to regulate by Tregs [63, 72, 73] . Along the same line, it is frequently discussed whether a delay of Treg transfer by a few days following induction therapy or application of a second batch should be taken into consideration.
Treatment of Chronic Inflammation and/or Rejection
In addition to the induction of tolerance, the immunoregulatory potential of Tregs could be also used to treat developing chronic rejection, which would also lead to improved longterm graft survival, and thus be of immense clinical benefit [74] . Development of chronic rejection is the most feared event following organ transplantation, because it is difficult to recognize early and hardly any treatment options that exist. Current IS except for mycophenolate mofetil (MMF) even favors development of chronic rejection [75] . Notably, it has been recognized that peripheral Treg levels are extremely low in patients with chronic rejection [76] [77] [78] . Thus, it seems appealing that adoptive transfer of Tregs can halt or reverse inflammatory processes leading to chronic rejection and graft loss. Indeed, also in experimental models, it was shown that Treg transfer can prevent antibody-mediated and T cellmediated chronic rejection [64, 79] . For the prevention of antibody-mediated chronic rejection, early recognition by e.g., slowly increasing levels of anti-donor antibodies and treatment is instrumental for the success. In addition, it has been reported that for successful prevention of chronic rejection transfer of Tregs with indirect specificity is needed [79] . Thus, to ensure success of a Treg-based prevention or treatment of chronic rejection, we should use cells with mixed, direct and indirect, specificities, and install extensive immune monitoring of our patients.
Boosting Regeneration-Treatment of Delayed Graft Function (DGF) or Acute Kidney Injury
With the increasing demand for organs, there is an urge to transplant organs of poorer quality. Especially organs of deceased donors can cause delayed graft function [80] [81] [82] . In fact, up to 50 % of the transplanted kidney grafts can get affected. This is linked with a significant reduction of longterm graft survival making any approach leading to the prevention or treatment of DGF important. Severe and prolonged ischemic reperfusion injury (IRI) is discussed as leading cause of DGF. An infiltration of CD8 + and CD4 + T cells [83] and a higher expression of MHC molecules were detected in grafts following IRI. Interestingly, an infiltration of Foxp3 + Tregs was observed a few days after reperfusion during graft recovery [84] . So they obviously modulate repair responses. Gandolfo et al. have observed that a decrease of Tregs in the healing process can delay repair and increase the infiltration rate of Teff cells which produced TNF-a and IFN-y [83] . Therefore, Tregs may downregulate cytokine production by effector T cells, and thus mediate faster recovery. Similar findings were made with the use of anti-CD25 antibodies as an induction agent [84] . Clearly more necrosis and reduced recovery were detected with the use of the antibody. Additionally, a decreased Treg function prior to transplantation was observed in patients later developing DGF [85] . Thus, Tregs may play a major role in preventing DGF. Treating the patients with Tregs before or during transplantation may ameliorate IRI and prevent DGF [86] [87] [88] .
Thus, with an early transfer of Tregs, one not only would utilize their beneficial effects for prevention of DGF, but ultimately also acute and chronic rejection. However, this would limit it to the use of polyclonal Tregs.
Monitoring Safety and Efficacy of Treg Therapy
With any novel therapy, safety concerns do exist. In the case of adoptive Treg therapy, clinicians fear an increased risk of infectious complications caused by herpes virus reactivation or opportunistic pathogens [4] . As mentioned earlier, the first clinical trials applying Treg therapy did not, at first, observe an increased infection risk [14••, 15, 27••] . Although, a more detailed analysis by Brunstein and colleagues revealed critical 30-day post-infusion period in which the patients seemed to be more susceptible to infections as compared to historical controls [50•] . These trials were conducted on patients receiving HSC grafts for treatment of malignancies. Due to the conditioning, the patients are prone to develop infections, and it is as such not uncommon phenomenon. It is however reassuring that no serious infectious complications and normal postvaccination response was observed in children with early onset T1D upon Treg transfer [10•] . But one should be aware of the potential risk especially when transferring polyclonal Tregs, and thus accompany the treatment with a close screening of signs of e.g., viral replication (CMV, EBV, BKV). In addition, other biomarkers indicating a systematic state of immunodepression such as HLA-DR expression on monocytes or dendritic cells could be included within a postinfusion immune monitoring [89] [90] [91] . In addition, any cellular therapy can lead to a cytokine storm causing severe complications [92] . This is a bigger problem for tumor-or virusspecific cellular therapy; it cannot be excluded upon Treg transfer.
Although the first Treg trials are focusing on safety issues, we have to prepare ourselves for measuring efficacy or other parameters in future studies. Of course, efficacy will be first based on clinical outcome measures such as incidence of biopsy proven acute rejection or change in graft function over time. But as mentioned, it appears to be attractive to use additionally change in immune cell composition or function as additional indications for a therapy success or failure. As such, successful Treg therapy might inhibit development of antidonor specific antibodies, and thereby prevent development of chronic antibody-mediated rejection [64] . In addition, it could lead to a reduction of pathogenic memory T cells as measured by IFN-γ Elispot or flow cytometry-based methods [52•, 93-96] . In contrast, Treg therapy could lead to increased numbers of transitional or regulatory B cells accompanied by a specific peripheral gene expression pattern as observed for Boperationally^tolerant patients [65, 66] . However, to be able to report reproducible results and compare them across different clinical trials, we need to increase our efforts for method standardization as currently been shown for the IFN-γ Elispot and flow cytometry [97, 98, 99•] .
Conclusion
Treg therapy is developing into a treatment alternative in solid organ transplantation. Animal studies and first human trials in HSC transplantation and T1D show promising results. The current trials in solid organ transplantation will give some insights into safety and partially efficacy. As a community, we will need to discuss issues on best-suited type of Tregs, time point, and clinical indication. In addition, efforts to standardize immune monitoring accompanying Treg trials will be of importance.
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